A multiresolution direct binary search iterative procedure is used to design small dielectric irregular diffractive optical elements that have subwavelength features and achieve near-field focusing below the diffraction limit. Designs with a single focus or with two foci, depending on wavelength or polarization, illustrate the possible functionalities available from the large number of degrees of freedom. These examples suggest that the concept of such elements may find applications in near-field lithography, wavelengthdivision multiplexing, spectral analysis, and polarization beam splitters.
Irregular diffractive optical elements (IDOEs) offer a large number of degrees of freedom that can be used to control the desired spatial and temporal field transformation within the strong-scattering near field [1] [2] [3] [4] in ways unattainable with periodic scattering structures such as photonic crystals. 5, 6 For illustration, we consider subwavelength focusing in the near field, wavelength-dependent near-field scatter of an incident plane wave or wavelength-division multiplexing, and separation in space of a scattered field based on the state of the incident polarization. The two-dimensional elements that we have designed are only two wavelengths wide and half a wavelength thick. Such devices could be tested and operated by use of near-field scanning optical microscopy tips or integrated with sources or detectors on a chip.
In the designs, we consider a discrete optimization problem in which the two-dimensional scatterer is represented by pixels whose sizes vary from large to small in a multiresolution procedure. Within a pixel the material is homogeneous, acting as a scatterer (which has material properties, in this case those of the dielectric constant, that differ from the background) or as the background. We use an iterative direct binary search method 7 with a constraint on the size of the whole structure. In this approach there are two operations, i.e., the toggle, for which the pixel is changed from scatterer to background or vice versa, and the swap, for which the nearest-neighbor parameters are exchanged in some fashion. We use only the toggle operation, and this is performed at each resolution.
The method of optimization is represented in terms of a cost function that provides a weighted power density that depends on position. For subwavelength focusing of the incident wave with a specific wavelength, we consider the cost function
where g describes the geometry of the IDOE, S z ͑x ; g͒ is the z component of the Poynting vector in the focal plane defined by constant z and width w, and f is the focal region of width t in the focal plane. The negative sign in Eq. (1) permits minimization. For wavelength-division multiplexing, the goal is to focus two different wavelengths onto different spatial locations. Therefore we consider the cost function as
with
where ͕i , j͖ = ͕1,2͖ and i j; f i is the focal region for the wave with wavelength i ; f o describes the other regions in the focal plane; t is the width of each focal region; and w is the length of the complete region considered in the focal plane, which we define to be the same as the width of the IDOE. For Eq. (3) the weights 1 / t and 1 / ͑w −2t͒ were selected to give the focal region and the other regions the same importance. For the polarization beam-splitter problem, we use the same cost function as in Eqs. (2) and (3) with the mapping i → p i , where p i represents a normally incident TE (E y out of the page) or TM (H y out of the page) plane wave. Figure 1 shows the assumed normally incident field direction and the region containing the IDOE, along with the assumed focal plane. In our designs we considered Si scatterers in a free-space background, and free-space wavelength 0 = 1.55 m [for which Si has a dielectric constant of 12.11 (Ref. 8) ]. The size of the IDOE is 2 0 ϫ 0.5 0 , and the focal plane is 0.1 0 below the structure. The focal region is defined by spot width t = 0.1 0 within focal plane width w =2 0 , which is the entire width of the IDOE.
We applied the direct binary search approach within a multiresolution framework to minimize the appropriate cost function. The IDOE structure region was divided into large pixels, and a series of random structures were evaluated for performance, with the best selected for multiresolution refinement. The toggle process was applied to the pixels in random order until there was negligible reduction in the cost function. The pixels were then halved in each dimension, and the process repeated. We used only two resolution levels in the examples we show. The pixel size at the coarsest resolution was 0.1 0 ϫ 0.1 0 , giving a structure resolution of 20ϫ 5. The fine resolution used 40ϫ 10 pixels, or a cell size of 0.05 0 ϫ 0.05 0 ͑ϳ78 nm͒. Improved solutions may be possible with more levels and more degrees of freedom.
A finite-element solution on a circular domain of radius 2 0 with a radiation boundary condition was used to evaluate the fields with sufficient accuracy for a given structure. To estimate the error in the finite-element simulation, we solved the case of TE (E y ; refer to Fig. 1) scatter from a circular silicon cylinder of diameter 0.2 0 , where 0 is the free-space wavelength, in free space, for which there is an analytic solution. 9 In the nonuniform mesh, the maximum element size was approximately 0 / 20. The computational error for the total field, compared with the analytical result, was less than 0.8%. The results for the irregular scattering structures that we present were computed by use of even denser meshes to achieve small computation error. Figure 2 (a) shows a structure that focuses the incoming TE plane wave to the center of the focal plane. Figure 2(b) shows the z component of the normalized Poynting vector, S z ͑x , z͒ / S i , where S i is the incident Poynting vector, with the geometry overlaid. Notice that there is a strong focus at the bottom of the structure, with negative and positive Poynting vectors. There is a circulating Poynting vector or a vortex 10 in this region. The normalized Poynting vector in the focal plane, plotted in Fig. 2(c) , shows a subwavelength 3 dB width of 0.16 0 . Notice that the power density in the focal region is roughly 30 times the incident density. Figure 3 (a) shows a design for a wavelengthdivision multiplexing or wavelength-dependent focusing structure. Two incoming TE plane waves, at 0 and 1.001 0 , are assumed, and these are directed to different spots in the focal plane. Figures 3(b) and  3(c) give the z component of the Poynting vector at the two wavelengths, clearly showing the wavelength-dependent focal points. The Poynting vector in the focal plane at the two wavelengths is given in Fig. 3(d) . Refer to Fig. 3(d) ; the 3 dB widths for the foci at 0 and 1.001 0 are 0.29 0 and 0.20 0 , respectively. The cross talk, again assuming the 3 dB point region for detection, is −25.81 dB at 0 and −12.10 dB at 1.001 0 . Figure 4 (a) shows a design for a polarization beam splitter. Figures 4(b) and 4(c) show the z component of the normalized Poynting vector for TE and TM (H y ; refer to the geometry in Fig. 1 ) incoming plane waves at 0 , respectively, clearly showing the two focal points for different polarizations. The normalized Poynting vector in the focal plane for both polarizations is given in Fig. 4(d) . The 3 dB widths at the focal plane for the TE and TM plane waves are 0.26 0 and 0.23 0 , respectively, and the cross talk within the 3 dB point region is −30.04 dB for the TE wave and −20.27 dB for the TM wave.
Subwavelength focal spots were possible because of evanescent field control exercised in the cost function and because the focal plane is in the near field. The multiresolution synthesis procedure, in which coarse adjustments in the scattering geometry are followed by successively finer adjustments, is an important strategy for finding satisfactory solutions with acceptable computational effort. The wavelengthsensitive focusing and polarization beam-splitting operations could be valuable in special-purpose detectors.
